Abstract. The purpose of this study was to obtain real contact areas, forces, and pressures acting on human dental enamel as a function of the nominal pressure during dental occlusal contact. 
INTRODUCTION
Enamel, which forms a protective coating over the entire surface of the tooth crown, is one of the most mineralized tissues. It consists of approximately 92 − 96% of mineral, 1 − 2% of organic material and 3 − 4% of water, and its exact composition varies between the teeth and also between different parts of the same tooth (Giannini et al., 2004) . Its high mineral content, consisting primarily of calcium phosphate crystals (hydroxyapatite), is responsible for making it a very hard material that can sustain the mechanical forces applied during chewing. As hydroxyapatite exhibits brittle behavior, with little ability to withstand plastic deformation prior to fracture, tooth enamel has been usually regarded as a natural biological ceramic. This understanding partially influenced the development and introduction into restorative clinical of numerous ceramics, beyond other considerations such as aesthetic requirements, biocompatibility, mechanical properties and proper occlusal function (He and Swain, 2007a) . However, in recent studies He and Swain (2007a,b) showed that enamel is an elastic-plastic material with special characteristics such as anisotropic modulus, visco-elastic properties, high fracture toughness and stress-strain relationship that are more similar to metals than to ceramics. This means that enamel can dissipate energy before catastrophic failures and explains how it remains functional after thousands of occlusal loading cycles in sliding contact. He and Swain (2007a,b) called enamel a metallic-like biocomposite and suggested that this elasto-plastic behavior was due to the structural organization of oriented hydroxyapatite crystals and to the presence of organic proteins molecules among them.
The contact between two surfaces initially occur in just a few points due to the existence, even in carefully prepared surfaces, of roughness at microscopic scale. As the normal load increases, the surfaces become closer and a larger number of asperities comes into contact. These asperities carry the load and generate friction force. If the difference in mechanical properties between the contact pair is too large, there will be one more prone to wear than the other. One of the most usual ways to predict this tendency in case of dental materials is through the evaluation of hardness, defined as the resistance to permanent deformation by indentation. However, it is becoming increasingly clear that other properties such as microstructure, fracture toughness and mechanisms of contact damage should be considered. The characterization of stress-strain relationship and of all the properties determined from it, such as toughness and ductility, which still have been thoroughly studied, may provide a new way to investigate the tribological behavior of dental materials.
The instrumented indentation technique has become a popular method to measure the mechanical properties of different materials. Habelitz et al. (2001) performed more than 100 indentations on each one of the longitudinal and occlusal sections obtained from four sound third molar teeth. Force-displacement data were analyzed to determine the hardness H and modulus E according to the method of Oliver and Pharr (1992) . All samples exhibited higher modulus and hardness when the indentations were made parallel to the axes of the prisms. The modulus for these cases ranged from 85GP a to 90GP a, while the hardness varied between 3.4GP a and 3.9GP a. When the indentations were produced perpendicular to the axis of the prisms, the recorded values were 70 − 77GP a and 3 − 3.5GP a, respectively. Cuy et al. (2002) featured three maxillary teeth (two second molar and a third premolar) through 2000 − 3000 indentations with Berkovich indenter. Through the standard routine of Oliver and Pharr (1992) , they obtained the hardness H and the modulus E. Their results indicated that H and E decreased from the enamel surface to enamel-dentin junction, averaging from 4.6GP a to 3.4GP a (reduction of 26 %) and from 91.1GP a to 66.2GP a (reduction of 27 %), respectively. He and Swain (2007b) suggested the use of spherical tipped indenter capable of capturing the transition from elastic to plastic behavior during contact, unlike the sharp tipped indenters that produce an impression by nominally constant plastic strain. Thus, using spherical tipped indenter with radius 10µm, He and Swain (2007b) measured the stress-strain relationship for indentation of samples of ceramic, metal alloy and enamel of a sound permanent premolar tooth, extracted for orthodontic purposes. They used a nanoindentation system that recorded the answer P − h (contact force-depth) during complete cycles of loading and unloading. With the models proposed by Hertz (1896) , Oliver and Pharr (1992) and Tabor (1951) , the hardness H and the strain a/R, where a is the radius of the circle of contact and R is the radius of the spherical tip, could be determined. The curve H − a/R was considered by He and Swain (2007b) as the stress-strain curve for indentation, while the curve h p /h t − H, where h p is the depth of contact and h t is the total depth of indentation, was used to indicate the yield stress of the material. As the ratio h p /h t is constant during the elastic range, an inflection in the curve indicates the transition to the plastic range.
In the indentation stress-strain curve, enamel showed a limited elastic response between the elastic behavior of ceramics and plastic of the metal investigated. The yield stress measured for the enamel and metal alloy was approximately 2GP a. They also measured the modulus and hardness of the samples using a Berkovich indenter. The values found for enamel were E = (105.5 ± 3)GP a and H = (5.58 ± 0.35)GP a.
These experimental data can be used in a finite element analysis of human dental occlusal contact in order to predict the friction behavior of surfaces. Such contact analysis is non linear and the contact regions can only be known after a sequence of iterations. Depending on loading, material and environmental factors, surfaces can move in and out of contact in a totally unpredictable manner. These and other factors including the boundary conditions, mesh quality and type of element interfere with convergence for the biomechanical models, affecting its validity and reliability. Therefore, the analysis in oral tissues of complex and irregular morphology through three-dimensional realistic models, taking into account also the material non-linearity, remains a challenge. This work can be considered as a preliminary test to minimize these effects and facilitate discussions for future analysis.
ASPERITY-BASED MODELS OF CONTACT INTERFACES
Over the decades, various versions of models describing the surface have been generated and used to solve specific problems involving interfaces of contact. These models detect the main asperities of the surface, analyze the deformation of these asperities and establish the link between the responses occurring in micro-scale with a response expected in macro-scale, in a kind of homogenization method (Coulomb, 1785) , (Greenwood and Williamson, 1966) , (Whitehouse and Archard, 1970) , (Nayak, 1971) , (Sayles and Thomas, 1976) , (Coll, 1986) .
In most analytical models, it is assumed that the contact between two rough surfaces is mechanically equivalent to the contact between a composed rough surface ("sum surface") and a plane. In this case, it is necessary to calculate the effective average height, z = z 1 +z 2 , and the effective standard deviations of distributions of heights, s = √ s
and curvatures of asperities,s = √s 1 2 +s 2 2 , respectively, where the sub-indices 1 and 2 refer to the two original surfaces.
For this approach to solve normal contact between rough surfaces, in which the concept of "sum surface" is used, it is assumed that orientation of real contact area is always parallel to the mean plane (global). If we consider the contact between the slopes of asperities, which may have arbitrary orientation, local normal at every point of contact does not necessarily coincide with the normal to the mean plane. In this case, an analytical solution is not possible and it is necessary to develop numerical models to solve the contact problem.
Inspired by the approaches proposed by Tworzydlo et al. (1998) and by Karpenko and Akay (2001) for asperity-based models of contact interfaces, the next steps were followed:
• Application of the profilometry technique on one or more samples of the rough surface;
• Obtaining statistical parameters of average and standard deviations of asperities heights, slopes and curvatures;
• Calculation of the probability density function ϕ(z), which assumes a normal distribution of asperities' heights z;
• Three-dimensional modelling of a series of asperities, called main asperities, with different heights z i , adopting, according to random representation of the surface, a cosine hill as the asperity geometry:
where K is the mean curvature of asperities;
• Finite element analysis of micro-contact for each pair of main asperities, allowing contact to occur along their slopes;
• From the micro responses X(z 1 , z 2 , K) obtained in the previous step (where X can be contact force or pressure, real contact area, etc), estimation of the homogenized values for macro-contact E(X) expected at the interface, through the numerical integration of:
where N is the number of asperities at the interface, and ϕ(z 1 ) and ϕ(z 2 ) are the frequencies of the two asperities, with heights z 1 and z 2 , of each contact pair;
• Estimation of the mechanical part of the static friction coefficient, µ d , as the ratio between tangential and normal components of the overall resistive force:
The results of contact forces and pressures, real contact areas and the static friction coefficient between the surfaces were as a function of the nominal pressure of dental occlusal contact and were discussed and compared to experimental findings in the literature in order to help, in subsequent studies, the assessment of teeth behavior related to wear mechanisms, since it is an open problem in Dentistry.
MATERIALS AND METHODS
For the study of occlusal contact of human tooth surfaces, a sample of extracted tooth was obtained from the teeth bank of the UFMG School of Dentistry Clinic, with the consent of the Research Ethics Committee of this University (project approved and registered under number ETIC 300/03).
The evaluated sample was a lower third molar tooth of included type. Its occlusal face had an almost square cross section, with approximately 64mm 2 of area. A 3D contact profilometry test (Hommel Tester T8000 from Hommelwerke Gmbh) was taken over it and the surface filtering procedure, using a roughness filter of λ c = 0.05mm, and extraction of the following surface texture parameters were conducted: average roughness Sa, quadratic average roughness Sq, quadratic average slope Sdq, quadratic average curvature Ssc and area density of peaks Sds. The average of the extracted parameters were Sa = 0.34µm; Sq = 0.45µm; Sdq = 0.26µm/µm; Ssc = 0.16µm −1 ; Sds = 7518mm −2 . The mechanical properties of dental enamel were assumed to be: Elastic modulus E = 90GP a; Poisson ratio ν = 0.3; and Yield Stress Y = 2GP a. These properties together with the surface roughness parameters obtained in the test were used in the rough surface model for their numerical resolution (section 3.1).
The numerical contact analysis required the generation of finite element models for the micro-contacts between the main asperities of the surface. The models adopted a cosine hill geometry, variable with height and curvature, to represent each asperity. The problem was solved in large strain for isotropic elastic-perfectly plastic materials. Three-dimensional models were used, establishing micro-contact along the slopes of the two asperities of each pair. A homogenization technique was used to predict the response of the interface and to estimate the mechanical part of the friction coefficient, assuming that, in this case, it is due to asperities strain energy.
Three-dimensional numerical models
According to the possibilities of contact throughout the slope, the asperities were modeled three-dimensionally and various eccentricities were taken in each analysis, resulting in a large number and long time of numerical processing.
For a normal distribution of heights:
in which s is the standard deviation and m is the average height of asperities. In Fig. 1 , the graph of the probability density function obtained for the original surface is presented. The domain was divided in 10 intervals with ∆ z = 0.3µm. A cosine hill was the geometry adopted to represent the asperities, considered to behave isotropically. Due to the symmetry in the vertical plane y − z, being z the axis that defines the height of the asperities and y the axis defining the direction of sliding, it was required only half the bodies to be modeled tridimensionally. Under each asperity, a fraction of the sub-surface of the tooth enamel was constructed, with the same physical properties and a depth of 20µm. An unstructured mesh (free) generation technique with volumetric linear tetrahedrons elements was used. The elements were smaller as they were closer to the contact regions (dimensions of approximately 0.25µm). In total, 20 models were generated, representing the possible pairs of asperities for an approximation of 3µm between mean planes. For each modeled pair, a series of analysis was carried out, varying the eccentricity between the two asperities by 1µm, which resulted in a total of 115 simulations. As the eccentricity grew, the contact, which began top-to-top between the asperities, became more like a top-to-valley setting.
The contact between two deformable asperities was solved by the Lagrange method, without consideration of the friction force. The higher asperities for each pair were selected to be implemented with the interface elements of the master surface, as they are stiffer than the lower asperities, which, in turn, received interface elements of slave surface. The plane was moved down in small fixed increments (0.01µm) to achieve a total displacement of 3µm, reflecting the tight fit between the highest peak in the deepest valley. This shift also resulted in the fit between the most frequent peak of this surface (z = 0.6µm) in its symmetrical opposing valley.
The load was the sum of reactions at all nodes in contact at the considered moment. The curves "load-separation" and "area-separation" were monitored at each increment. For each pair of asperities, the average of the values obtained in all simulations conducted throughout the slope was found. Figure 2 represents a result of micro-contact in terms of equivalent stresses, where the most frequent pair in this study can be visualized (identical asperities of height z = 0.6µm).
For centric contact, like top-to-top and top-to-valley type of settings, the sum of reactions in all nodes in contact results in only a vertical component (normal to the surface's mean plane), because of their axysimmetry. In eccentric contact, the resultant force has an arbitrary direction, with a horizontal component (tangential to the mean plane). It was recognized that all eccentricity values had the same probability of occurring. Thus, the tangential component vanished as, for each eccentric contact, there was another symmetrical contact in the asperity's opposite hemisphere. However, with respect to friction a hypothesis of this work is that, at the moment when a relative tangential movement is imposed, one hemisphere suffers an immediate relief of the contact pressure. Therefore, the sum of reactions for only one hemisphere was accounted. This gave the ratio between tangential and normal components of the resistive force, which characterized the mechanical part of the static friction coefficient.
The recorded data were processed through spreadsheets prepared with "Office Excel " ( c ⃝2006 Microsoft Corporation) in order to compute the contribution of each micro-contact, depending on the frequency of its asperities ϕ(z 1 ) e ϕ(z 2 ), for the total expected response of the interface E(X). This step refers to the numerical integration of Eq. (2).
RESULTS AND DICUSSION
From the micro-models, it was established that less than 1% of contact pairs reached the yield stress of 2GP a for the surface approximation simulated in this work. This indicated that the occlusal contact was essentially elastic, that is, although some individual asperities suffered permanent deformation, in macroscopic scale this type of deformation was not perceived. An analogy between the ratio F/A, where F is the contact force and A is the real contact area, and the material hardness could be considered seeing the micro-contacts among the asperities as small indentation tests. Based on this analogy, the micro-models indicated an average hardness of 6.25GP a. Cuy et al. (2002) , in their mapping of the enamel properties through instrumented hardness test, reported peak hardness greater than 6GP a in occlusal sections (6.4GP a was the maximum value found), close to the surface. In terms of macroscopic interface, considering the homogenized results, the ratio F/A, virtually constant as can be seen in the curve total force versus real area (Fig.3) , resulted in a hardness value of around 9GP a. The same approximate value was found when the curve of real pressure contact according to the nominal pressure tended to stabilize (Fig.4) . The other homogenized results of total force and real area as a function of surface approximation and friction coefficient as a function of nominal pressure are shown in Figs. 5, 6 and 7.
The static friction coefficient, due to strain energy, inferred from the analysis stabilized around the value of µ d = 0.057. Bhushan (2002) proposed a model for the friction coefficient related to adhesion of the junctions:
where k = 95M P a is the yield strength in shearing for the dental enamel (Smith and Cooper, 1971) . Considering this portion, the expected static friction coefficient converts into: The inferred value of friction coefficient is lower than the range of 0.1 − 0.42 found by Douglas et al. (1985) in their study of frictional effects between natural teeth. It is important to remind that the experimental determination of the friction coefficient of tooth enamel is quite complicated to be performed. First, because during preparation of the samples the original characteristics of surface texture are lost. Furthermore, the results are strongly influenced by environmental conditions such as temperature and humidity. These factors are reflected in the difficulty of finding such reference values in the literature.
The results of this study are summarized below, in order to synthesize the achievements:
1. Applying statistical models to the contact, answers are provided to the interface (total force, real area and pressure) as a function of nominal occlusion pressures.
2. For the three-dimensional numerical models the contact is allowed to occur locally in planes not necessarily parallel to the surface's mean plane. This model responds with a real contact pressure of 9GP a, for a nominal pressure of 50M P a.
3. Through the study, it can be inferred a static friction coefficient of around 0.08 in dental occlusal contact. 
CONCLUSIONS
Considering that tooth enamel has actually a ductile mechanical behavior, a nonlinear elasto-plastic analysis of contact was performed. Through the use of probability density function, a numerical description to a representative area of dental enamel was generated. A statistical model was applied creating an appropriate methodology to simulate the contact between dental enamel surfaces. The two identified parameters, surface hardness and static friction coefficient could be simulated. It must be noted that lubrication is not included in this work. Further refinements of the methodology and verification using experimental data can provide a better understanding of processes related to contact, friction and wear of human tooth enamel.
